Flavor compounds in white bread have been analyzed by a static-headspace-type GC/MS and sensory evaluation for clarifying the effects of mixing stage and fermentation time on the intensity of flavor compounds as assessed in the crumb and sensory scores of flavor in white bread. Principal component analysis (PCA) and analysis of variance (ANOVA) were applied to the peak area of total ion chromatogram as well as sensory scores of 8 sensory descriptors for flavor intensity. Although the results of instrumental analyses showed the superiority of fermentation time over mixing energy as the governing factor of white bread flavor, the results of statistical analyses for the scores of sensory evaluation showed the superiority of mixing energy over fermentation time. The difference in the governing factor was probably due to overestimation for the effect of alcohols on the flavor quality of white bread, especially ethanol derived from the fermentation process.
Introduction
The bread-making process can be broadly classified into three sub-processes: mixing, fermentation, and baking. The mixing and fermentation processes play an important role in determining the qualities of white bread. Numerous studies have been carried out on the aroma and flavor of white bread-complex flavor compounds derived from raw materials and the fermentation and baking processes (Baltes et al., 1994; Chang et al., 1995; Collyer, 1964; Grosch et al., 1997; Heidelberg et al., 1996; Henry et al., 1996; Hwang et al., 1994; Maga, 1974; Mulders, 1973; Rothe et al., 1983; Schieberle et al., 1989; Schieberle et al., 1991a; Seits et al., 1998) . Flavor compounds produced by microorganisms such as bread yeast during the fermentation process markedly af-fect the flavor compounds produced during the subsequent baking process as the most important factor of the characteristic flavor of white bread (Watanabe, 1997) . Previous studies have revealed the effects of alcohols, esters, and amino acids produced during the fermentation process on bread flavor (Frasse et al., 1992; Hironaka, 1985; Parnell, 1998; Schieberle et al., 1991b; Tanaka, 1987; Watanabe, 1997) .
Recent studies on bread flavor identified 100 flavor compounds in the crumb of white bread by GC/MS analysis using a dynamic headspace method (Chang et al., 1995; Seits et al., 1998) . The dynamic headspace method includes a purgeand-trap method and a solid-phase microextraction (SPME) method. In the purge-and-trap method, targeted compounds are purged from a sample under an inert gas atmosphere to be absorbed in a Tenax trapping tube packed with porous polymer. In the SPME method, purged compounds are absorbed in a solid-phase fiber bonded with fine needles. Concentrated flavor compounds trapped by these methods are thermally desorbed before measurement by gas chromatograph (GC) or gas chromatograph and mass spectrometer (GC/MS).
The dynamic headspace method, however, detects the ratio of each flavor compound concentrated in specified absorption media, which means the difference in abundance ratio between flavor compounds as measured by instrumental analyses and sensory characteristics perceived by human beings when eating white bread. In contrast, the static headspace method has the advantage of enabling direct measurement of the ratio of each flavor compound contained in the gaseous phase within a vial.
According to a food kansei model proposed by Ikeda et al. (2004) , the eating behavior of human beings; that is, the process of eating and evaluating foods over the short term, can be determined only by the routes of perception and cognition. The purposes of the model are 1) to evaluate quantitatively the process of emerging pleasantness and affective change in an individual person during the short period of eating behavior, and then 2) to use these quantitative data to optimize product design and the manufacturing process (Ueda et al., 2008) . Consequently, the model intends to correlate physicochemical properties with sensory characteristics of the targeted foods. However, available literature is limited on the correlation between the quantities of flavor compounds detected by GC/MS and sensory characteristics of the flavor contained in white bread.
The objectives of this work are 1) to measure the flavor compounds contained in the crumb of white bread samples under the conditions of different mixing stage and fermentation time using a static-headspace-type GC/MS, and then 2) to perform sensory evaluation on flavor intensity of the samples, and finally 3) to clarify the effects of mixing stages and fermentation time on the flavor compounds in the crumb and sensory characteristics of white bread.
Materials and Methods
Samples White bread samples were prepared using the no-punch straight-dough method, as shown in Table  1 (Takeya, 1981) . All samples were mixed by a mixer (DTM-50; SK mixer Co., Ltd.) so that the dough temperature reached about 27℃ after the mixing process. Next, primary fermentation was performed in a fermenting vessel (Took Final Proofer; Tokura Shoji Co., Inc.) controlled at an internal temperature of 27℃ in the vessel and 75% relative humidity before the samples were divided evenly, weighed, and rolled for a 20-minute interval at room temperature. Then molded samples were further fermented (secondary fermentation) under the conditions of an internal temperature of 38℃ in the vessel and 85% relative humidity. Fermented samples were baked at an internal oven temperature of 210℃ (Took Oven; Tokura Shoji Co., Inc.) for 38 minutes. Baked white bread samples were cooled to room temperature and then sliced into 18 mm thicknesses. The combinations of four mixing stages and four primary fermentation times provided 16 white bread samples (Table 2) . All these processes were performed by well-trained professionals in the field of breadmaking.
Identification of flavor compounds by GC/MS Instruments for GC/MS analyses were a static headspace (Tekmar 7000 Headspace Autosampler; Tekmar Company Inc.), a gas chromatograph (Model 6890; Agilent Technologies Inc.) with a column (DB-5; J&W Scientific Inc.) of 30 m in length, 0.25 mm in inside diameter, and 1.0 µm in membrane thickness, and a mass spectrometer (Automass SUN-200S; JEOL Ltd.)
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(％) with a mass spectral search program (Version 2.0; National Institute of Standards & Technology) for library search and identification and software (EZChrom Elite; GL Sciences Inc.) for the quantification of identified total ion peak areas.
For the static headspace, 3 grams of samples in the center portion of the crumb were encapsulated in a glass vial container (22 mL). The analytical conditions of the headspace were 3 gram sample weight, 80℃ sample temperature, 160℃ injection temperature, 36-second duration of injection, 80℃ needle temperature, and 160℃ transferring temperature. High-purity helium carrier gas (1.2 mL/min) was employed for gas chromatography. The column was held at 50℃ for 3 min, temperature programmed to 260℃ at a heating rate of 4℃/min, and then held at 260℃ for 15 min. The analytical conditions of the mass spectrometer were 250℃ interface temperature, 160℃ transferring temperature, and 230℃ ion source temperature. The ionization energy of the mass spectrometer was 70 eV, and a scan cycle time of 0.5 ms (30-300 m/z) was used.
Sensory evaluation Sensory evaluation was performed by 23 expert sensory assessors employed in Nisshin Seihun, Co. Inc., on the samples shown in Table 2 . Test samples of white bread were cooled to room temperature for 120 min after baking, and then sliced into 18 mm thicknesses, after which the slices were individually sealed in polyethylene plastic zipper bags. The samples were evaluated on the day after baking.
A 9-point category scale (1: very weak; 5: very strong) was used at 0.5 point intervals, and the standard sample (Sample No.11) was rated as 3 for each of the following 8 descriptors on the intensity of flavor: flavor intensity, sweet smell, alcoholic smell, milk-like smell, powder-like smell, acid smell, fruity smell, and fragrant smell.
Statistical analyses Analysis of variance (ANOVA) and principal component analysis (PCA) were applied to the total ion peak areas of flavor compounds identified by GC/MS as well as sensory scores of eight descriptors on flavor intensity. These statistical analyses were performed using the JMP 6.0.3.J software (SAS Institute, Japan).
Results and Discussion
Analyses of flavor compounds by GC/MS A static-headspace-type GC/MS produces a total ion chromatogram (TIC) for flavor compounds contained in the samples (Fig. 1 ). Such chromatograms for all the samples detected and identified 64 flavor compounds. Retention time and TIC peak area for each flavor compound are shown in Table 3 . For all the samples, over 80% of the whole flavor quantity was ethanol (No.
2), which is the main flavor compound produced by bread yeast and naturally resulted in the largest quantity among all flavor compounds contained in the crumb of the samples.
The percentages of flavor compounds other than ethanol in Sample No. 11 were 62.8% for alcohol group, 11.8% for aldehyde group, 6.8% for carboxylic acid group, 5.1% for ketone group, 2.4% for diketone group, 1.2% for ester group, 0.9% for alkenal group, 0.8% for aromatics group, 0.4% for sulfuric compound group, and 0.4% for furanic compound group (Table 4 ). The alcohol group other than ethanol included much 1-propanol (No. 7), 2-methyl-1-propanol (No. 11), 3-methyl-1-butanol (No. 25), and 2-methyl-1-butanol (No. 26).
Comparison of the relative ratios of compound groups in the samples (Sample No. 9 and Sample No. 12) to the reference sample (Sample No. 11) revealed that the groups of alcohols, esters, and aromatics increased in relative ratio with increasing fermentation time. On the contrary, those of aldehydes, carboxylic acid, ketones and diketones decreased with increasing fermentation time. No significant changes in relative ratios were found in the groups of alkenals, sulfuric compounds and furanic compounds. In addition, the peak areas of total ion chromatogram for seven compound groups (alcohols, carboxylic acid, esters, alkenals, aromatics, sul-furic compounds, and furanic compounds) increased with fermentation time.
Statistical analyses of TIC peak area The results of principal component analysis and analysis of variance revealed that flavor compounds were sufficiently summarized by four main principal components, and that 37 flavor com- 7  6  3  ,  2  0  9  8  ,  0  5  7  ,  1  0  3  0  ,  4  2  5  ,  1  0  8  5  ,  9  8  4  ,  1  l  o  n  a  h  t  E  0 1,259,000 1,729,020 2,283,750 2,867,410  3  6.47  8  2  3  ,  5  9  3  3  ,  1  1  0  7  9  ,  2  1  1  7  7  ,  3  1  0  0  5  ,  4  8  3  2  ,  1  1  3  3  0  ,  1  1  3 Characterization of White Bread Flavor pounds were significant in fermentation time, and 6 flavor compounds were significant in mixing energy at the level of 5 percent or less ( Table 5 ). The first PC (PC1) was mainly affected by fermentation time, and its contribution ratio was 40.4%. In contrast, PC2 was affected by mixing energy and its contribution ratio was 12.6%. The contribution ratios of PC3 and PC4 were 9.8% and 8.1%, respectively, making the cumulative contribution ratio from PC1 to PC4 70.8%. PC1 comprised 30 flavor compounds, which belonged to the groups alcohols, esters, aldehydes, carboxylic acid, aromatics, furanic compounds, and cyclic nitrogenous compounds. All compounds in PC1 were significant in fermentation time at the level of 5 percent or less. Similarly, PC2 comprised 9 flavor compounds belonging to the groups alcohols with carbon number of 4 to 8, aldehydes, ketones, furanic compounds, alkenals, and alkenols. Among these, 6 flavor compounds were significant in mixing energy at the level of 5 percent or less. PC3 comprised 7 flavor compounds belonging to the groups aromatics, sulfuric compounds, and aldehydes. Among them, 4 flavor compounds were significant in fermentation time at the level of 5 percent or less. The results of these statistical analyses indicate that baking process affected all PCs, especially PC2, and PC1 comprised the compounds derived from fermentation.
Flavor compounds significant in fermentation time at the level of 5 percent or less were sufficiently summarized by principal component analysis ( Table 6 ). The contribution ratio of PC1 was 30.7%, that of PC2 was 24.2%, and that of PC3 was 16.2%, making the cumulative contribution ratio from PC1 to PC3 71.1%. Flavor compounds derived from the baking process and raw materials markedly affected five main PCs as well. PC1 comprised flavor compounds whose groups were alcohols and esters derived from the fermenta-tion process; and aldehydes, ketones, and furanic compounds derived from the baking process. PC2 comprised compounds in the groups of esters and aromatics derived from the fermentation process; aromatics, alkenals, and nitrogenous compounds derived from the baking process; and aromatics derived from raw materials. PC3 comprised alcohols derived from the fermentation process, sulfuric compounds derived from the baking process, and aromatics derived from raw materials.
Sensory evaluation Applying principal component analysis and analysis of variance to the scores of sensory evaluation of flavor revealed that 8 sensory descriptors for flavor intensity were sufficiently summarized by three main principal components, and PC1 and PC2 were mainly affected by mixing energy and fermentation time, respectively ( Table 7) . The contribution ratios of PC1, PC2, and PC3 were 27.2%, 26.2% and 15.5%, respectively, and the cumulative contribution ratio was 68.8%. The results indicate that both mixing energy and fermentation time equally affect the sensory characteristics for flavor intensity of white bread.
The sensory descriptors for the smells of sweetness, milk, fruit, and fragrance were summarized in PC1. In general, the smell of milk, significant in mixing energy at the level of 5 percent, is due to 2,3-butanedione as well as 3-hydroxy-2butanone, which are typically derived from the baking process and are known as the flavor compounds of butter smell. Similarly, the fragrant smell, significant in mixing energy (p < 0.001), is due to the flavor compounds produced by the amino-carbonyl reaction and strecker degradation during the baking process, such as pyrazines, pyrorols, pyridines, and thiazoles. The smell of fruit, significant in fermentation time (p < 0.05), is often called the flavor like that of quality sake brewed from rice, and its typical flavor compound is ethyl acetate. The sensory descriptors for the smells of alcohol and acid were summarized in PC2. Both descriptors were significant in fermentation time (p < 0.001). Alcohol smell is due to organic acids produced by lactic acid bacteria and other flavor compounds produced by degradation reaction during the baking process.
PC3 included the sensory descriptor 'powder-like,' which was significant in fermentation time (p < 0.001). The powder-like smell was considered to be derived mainly from flour serving as the main ingredient, and therefore is sensed more when either fermentation time or baking time is insufficient.
The PC scores of PC1 and PC2 for the sensory evaluation results of the samples are plotted in Fig. 2 . Although the results of instrumental analyses showed the superiority of fermentation time over mixing energy as the governing factor of white bread flavor, sensory evaluation results showed the superiority of mixing energy over fermentation time, excepting samples for which fermentation time was 300 min.
Conclusions
A static headspace GC/MS detected and identified 64 flavor compounds for all samples. Since ethanol content was over 80% of the whole flavor quantity for all the samples, the percentages of flavor compounds other than ethanol were tabulated for each compound group for comparing the samples under the conditions of the same mixing stage as well as different fermentation times. As fermentation time increases, alcohols and aromatics increased and the groups of aldehydes and ketones decreased. The relative ratio of car-boxylic acids was higher when fermentation time was shorter (15 min). When fermentation time is longer (300 min), the relative ratio of esters was higher and that of diketone group was lower. The results indicate that the difference in fermentation time changes the composition of flavor compounds in the gaseous phase, and then it affected the overall flavor in the crumb of white bread.
Analysis of variance revealed that 37 flavor compounds were significant in fermentation time, and 6 flavor compounds were significant in mixing energy, both at the level of 5 percent or less. The results of principal component analysis for all flavor compounds showed that PC1 was markedly affected by fermentation time and included 30 flavor compounds derived from the fermentation and baking processes. PC2 was significantly affected by mixing energy and included 8 flavor compounds derived from the baking process. Other PCs from PC3 to PC9 mainly comprised the flavor compounds derived from the baking process. In addition, applying PCA to the flavor compounds significant in fermentation time revealed that the PCs from PC1 to PC5 were affected not only by fermentation but also by baking, as well as by raw materials.
Applying principal component analysis and analysis of variance to the sensory evaluation results revealed that PC1 and PC2 were mainly affected by mixing energy and fermentation time, respectively. The cumulative contribution ratio from PC1 to PC3 was 68.8 %, and 8 sensory descriptors were sufficiently summarized. PC1 was correlated with the descriptors for the smells of sweetness, milk, fruit, and fragrance, while PC2 with those for the smells of alcohol and acid. 
